ABSTRACT: Metabolizable protein and amino acid metabolizable protein flow using weighted regression requirements for growing cattle were estimated using analysis ( r 2 = .69, n = 45) to determine the data from 11 research trials. A total of 543 steers were metabolizable protein requirements for maintenance individually fed a high-roughage diet supplemented (3.8 x BW.75 g/d, where BW is expressed in kilowith protein at several levels above a urea supplement grams) and growth (305 g k g of live weight gain 
Introduction
Protein available to the ruminant for nutritional needs is supplied by microbial and dietary sources. Metabolizable protein (the quantity of true protein or amino acids absorbed) requirement can be met with knowledge of dietary escape protein and microbial protein production. Metabolizable protein systems (Burroughs et al., 1974; ARC, 1984; NRC, 1985) define the animal's requirement using estimates of available microbial and dietary escape protein and are potentially more accurate than the CP systems are.
Escape protein values of commonly used supplemental protein sources have been documented (NRC, 19851 , whereas microbial production has been related t o dietary energy (Burroughs et al., 1974; ARC, 1984; NRC 1985) . The metabolizable protein requirements that are currently in use were established from empirical formulas using N loss and tissue accretion. The purpose of the present research was J. Anim. Sci. 1993 . 71:2777 -2784 first to estimate metabolizable protein requirements and evaluate the efficiency of metabolizable protein use with a database containing individual animal metabolizable protein intake and weight gain during normal growing periods. A second objective was to derive metabolizable amino acid requirements based on the predicted metabolizable protein requirements and small intestinal flow of amino acids calculated at the animal's metabolizable protein requirement.
Materials and Methods

Metabolizable Protein
Prediction equations were developed from a database of 11 research trials conducted between 1978 and 1990 using primarily Hereford x Angus crossbred steers. Each trial was conducted as described by Klopfenstein et al. (1985) . A total of 543 animals were used and feeding periods lasted between 85 and 120 d (Table 1) . A variety of protein sources supplemented a roughage-based diet deficient in metabolizable protein. The source of roughage varied and included corncobs, corn stalks, corn silage, sorghum silage, and alfalfa hay. The roughage fraction ranged from 75 to 93% of the diet. The range in the lowest initial to the highest final mean BW was 200 to 316 kg. Midtrial BW, ADG, and DMI ranged from 203 kg, -.04 kg/d, and 4.2 kgld to 288 kg, .89 kgld, and 7.5 kg/d, respectively. Daily gain was calculated as the difference between initial and final BW. When metabolizable protein exceeded the requirement for trial conditions daily gain reached a plateau, and in all trials in which a plateau was reached the maximum gain of steers was determined with a nonlinear plateau model. In trials in which maximal gain was not achieved, daily gain for the highest level of supplemental test protein was used. Table 1 provides a reference to each experiment evaluated and a summary of starting date, days on feed, protein source(s1, and number of animals per treatment. Single protein sources, such as feather meal, with obvious amino acid deficiencies were excluded.
Microbial contribution to absorbed protein was determined from the equation of Burroughs et al. (1974) with 104.4 g of microbial true protein produced per kilogram of TDN consumed. Estimates of dietary TDN (Table 2 ) were based on NRC (1984) and laboratory IVDMD (Marten and Barnes, 1980) values. Laboratory IVDMD was considered equivalent to TDN for roughage samples not represented in the NRC (1984) . In vitro dry matter digestibility values for the roughages were consistent with published values (e.g., corn silage equaled 67%). (1985) . In situ estimates of escape protein, expressed as a percentage of CP, for SBM, corn silage, and blood meal were 28, 27, and 83%, respectively. True digestibility of protein sources, calculated by difference using a NPN control, was provided by in vivo digestion studies (Abrams et al., 1983; Goedeken et al., 1990a; Nakamura et al., 1991) and was used to adjust supplemental escape protein values. Metabolizable protein was represented as the sum of microbial and dietary fractions.
The data set was analyzed using the regression procedure of SAS (SAS, 1985) . The regression analysis was weighted for the difference in observations per independent protein source. The y-intercept at zero gain was considered to represent the maintenance requirement for metabolizable protein, and the slope demonstrated the amount of metabolizable protein required per kilogram of live weight gain ( LWG).
Metabolizable Amino Acids
Because of the large quantity of protein provided by the microorganisms, their amino acid content is very important. Most analyses of microbial protein have been done on unattached microbes and the analyses for sulfur amino acids and tryptophan may be suspect due to degradation during hydrolysis. Therefore, Goedeken et al. (1990a) estimated the amino acids in microbial protein (Table 3 1 by feeding a diet containing only NPN and analyzing whole ruminal contents. Goedeken et al. (1990a,b) calculated the small intestinal flow of amino acids from ruminant microbial protein (Table 3 1, base diet, and supplemental protein for 10 protein sources or protein combinations in two experiments. These flows were calculated at the point at which the metabolizable protein requirement was met. The CV for amino acids across all supplements was used as an indicator of the degree to which an amino acid was limiting growth and was used in determining the amino acid requirements. A low CV for an amino acid from several test protein sources would indicate a high correlation to gain by limiting growth in each case.
Results
Metabolizable Protein
Prediction of metabolizable for maintenance and mowth protein requirements were based on ADG (Figure 1 ). Other variables considered in the prediction equation were the squared term of ADG, midtrial BW, and animal age; however, none was significant. Based on the 45 observations of individual protein sources, the requirements for maintenance (y-intercept) and gain ( 
Metabolizable Amino Acids
The protein supplements varied in amino acid content, particularly in total sulfur amino acids, methionine, and lysine. One way to evaluate the need for a specific amino acid is with the CV (Table 4 ) for grams of amino acid flowing to the small intestine, when the metabolizable protein requirement was met with different protein supplements. This approach suggested that methionine was likely to be firstlimiting in most situations. It also suggested that tryptophan might be limiting. The low CV for threonine was due to the similar amount of threonine in the protein supplements and likely not due to its being limiting.
The values for threonine, valine, leucine, and phenylalanine are overestimates because they were overfed so that the protein source(s) would supply the limiting amino acids. Therefore, requirements for these amino acids were estimated from the data of Fenderson and Bergen (1975) based on their ratios to the sulfur amino acids and lysine.
The derived amino acid requirements (Table 4) were expressed as grams per day and as a percentage of the metabolizable protein flow (Table 5 ) . Percentages may be useful for calculating the specific amino acid need from the metabolizable protein requirement. However, this assumes that the proportion of amino acids required is the same for maintenance and growth. The protein supplements used in all trials supplied excessive amounts of some amino acids to meet limiting amino acid needs. Therefore, the derived requirements for metabolizable protein are higher than the animal's needs. The metabolizable protein requirements will supply sufficient amounts of essential amino acids. To avoid feeding excess amino acids, the optimal requirement profile should be derived.
Discussion
Microbial protein accounted for greater than half the metabolizable protein in these studies. This indicated a need for an accurate estimate of microbial protein synthesis. The equations of Burroughs et al. (19741, NRC (19851, and Rohr et al. (1986) were developed independently and relate microbial protein production to dietary energy intake. Burroughs et al. (1974) [kgldl -199.12; r2 =.77) . These experiments used diaminopimelic acid or RNA as microbial markers. The equation was developed primarily for dairy cows with high intakes. The negative intercept from this equation implies that a negative microbial production is possible at low energy intake, and this is not biologically realistic (Figure 2) . However, the calculated average microbial yield, 106.7 g of microbial true protein per kilogram of TDN, from the NRC (1985) data set ( n = 1181, is similar to that of Burroughs et al. (1974) . Sixteen of the 22 experiments evaluated by Rohr et al. (1986) included I5N as the microbial marker. They further concluded that diaminopimelic acid underestimated microbial protein production by 14% compared with estimates based on I5N. Because of the potentially low estimates in microbial protein from the NRC (1985) regression equation, the Burroughs et al.
( 19 74) equation for predicting microbial protein production was used in this study and is recommended for growing beef cattle fed high-forage diets.
Microbial production is related to ruminal digestible OM. Factors that affect fermentation include composition, physical form, and OM intake. The results of Stokes et al. (1991) and Hoover and Stokes ( 199 1 ) suggest that degradable intake protein and nonstructural carbohydrates should be considered rather than TDN alone when predicting microbial protein production. Furthermore, available energy (TDN) from ensiled ingredients should be corrected for the organic acids that do not contribute to microbial protein production (ARC, 1984) . The data set used here contains some studies that used ensiled ingredients and therefore microbial production may have been overestimated, resulting in higher requirements for metabolizable protein.
The requirement for metabolizable protein was compared among several systems including the current requirement (Burroughs et al., 1974; ARC, 1984; NRC, 1985) for a 253-kg steer gaining .49 kgld and Goedeken et al. (1990a,b) . bSBM = soybean meal, BM = blood meal, FTH = feather meal, CGM = corn gluten meal. 'Gramdday of absorbed amino acids. dTotal sulfur amino acids. consuming 3.18 kg/d of TDN from 5.5 kg of diet. The NRC system indicates the highest requirement at 498 g/d, followed by the proposed system at 390 g/d, NRC (1984) at 362 g/d, and Burroughs et al. (1974) at 275 g/d. The protein growth system (Klopfenstein et al., 1985) used t o measure metabolizable protein requirements collectively includes all conversions, uses, and products of endogenous protein. Several of the protein treatments evaluated were at or near zero growth and were considered to represent maintenance conditions for metabolizable protein use. Therefore, the metabolic losses of protein are accounted for in the proposed requirement. Verite (1987) and Jarrige (1989) discussed the French metabolizable protein system and justified the maintenance requirement as a single function of body size (3.25 x BW.75) based on N balance studies with nonproducing animals.
The system of Burroughs et al. (1974) based maintenance metabolizable protein on the Smuts (1935) equation using a 47% efficiency of metabolizable to net protein. The NRC (1985) and ARC (1984) used the factorial approach to determine the maintenance metabolizable protein requirement. Endogenous protein losses are merged into one estimate as a function of metabolic fecal losses to indigestible DMI and endogenous urinary losses. Surface protein losses are a small part of the maintenance protein requirement with little difference between the NRC (1985) and the ARC (1984) systems. The efficiency of metabolizable t o net protein differed between the NRC (1985) and ARC (1984) for maintenance, .67 vs .8, respectively. The difference in the efficiencies for metabolizable to net protein for the NRC (1985) and ARC (1984) systems does not bring the two systems together in estimating the maintenance requirement for metabolizable protein.
The systems of Burroughs et al. (19741, ARC (19841, and NRC (1985) estimate metabolizable protein for gain from separate predictions of the protein content in empty body gain. Differences in the ( 5 . 7 ) 5.6 9.7 ( 6 . 9 ) 6.0 ( 3 . 9 ) 1.6 aBased on Goedeken et al. (1990a,b) , adjusted to .49 kgid gain. bFor a steer weighing 253 kg and gaining .49 kgld. 'Requirement, gramsiday: maintenance, 3.8 x BW75; gain, 305 x LWG. dTotal sulfur amino acids. 'Values in parentheses estimated from Fenderson and Bergen (1975) . Figure 3 . Changes in protein accretion in the gain as rate of gain increases while body weight remains constant at 253 kg. Rate of gain represents the observed range in gain for 45 observations in 11 trials. Body weight represents the mean midtrial weight for the data set. The NRC line (solid) indicates the protein accretion from retained protein predictions (NRC, 1985) . The calculated line (dashed] indicates the protein accretion using a metabolizable protein requirement of 305 g/kg of live weight gain and a constant efficiency of 50% for metabolizable protein to net protein. The efficiency of the proposed gain requirement to meet the NRC protein accretion is 59% at .11 kgld and 52% at .89 kgld gain. efficiency of metabolizable protein to net protein also exist among these systems (.47 Burroughs et al., 1974; .67 NRC, 1985; .8 ARC, 1984) . The proposed requirement for gain would seem to be high when considering the protein content of gain and efficiency values currently in the literature.
Protein composition of gain decreases and fat composition increases with increases in rate of gain and BW (Byers, 1982) . It has been proposed (NRC, 1985) that the change in protein composition due to body size and rate of gain results in a lower metabolizable protein requirement. Another approach, supported by this study, is that the metabolizable protein requirement for gain remains constant and that metabolizable protein utilization changes as body size and rate of gain vary.
Protein composition of gain can be calculated using NRC ( 1985) equations. Figure 3 depicts a decline in the protein composition of gain with increases in LWG (NRC, solid line) for a constant BW. Animal weight is represented as the mean BW (253 kg) from the data set. The range of weight gains is representative of that observed in the data set. The composition of gain for the calculated line (dashed) indicates what occurs when a constant efficiency of gain is applied to the observed requirement (305 g/kg of LWG). The efficiency of metabolizable protein use for the observed requirement can be calculated to meet protein composition normally expected (NRC, 1985) . The efficiency would decline from 59% at . l l kgld to 52% a t .89 kgld gain.
A similar comparison can be made for the changes in protein composition of gain as live weight increases (Figure 4) Oldham (1987) has pointed out two distinct parts to the efficiency of metabolizable protein use. These are amino acid pattern of a protein source in relation to a n "ideal" pattern and the actual efficiency of an "ideal" amino acid pattern for protein deposition. In situations in which amino acid input limits performance, the observed efficiency of amino acid utilization is related to both the "ideal" efficiency and the biological value of the absorbed amino acids from the protein source. Live weight, kg Figure 4 . Changes in protein accretion in gain as body weight increases with a constant rate of gain 1.49 kgid]. Live weight represents the range for 45 observation in 11 trials. Live weight gain represents the mean for the data set. The NRC line (solid) indicates protein accretion from retained protein predictions (NRC, 1985) . The calculated line (dashed) indicates the protein accretion using a metabolizable protein requirement of 305 glkg live weight gain and a constant efficiency of 50% for metabolizable protein to net protein. The efficiency of the proposed gain requirement to meet the NRC protein accretion is 60% at 203 and 53% at 288 kg of body weight.
Metabolizable amino acid requirements (Table 5 ) were established using the values from Table 4 and the observed metabolizable protein requirements. Threonine, valine, leucine, and phenylalanine were overfed in the diets and therefore the values for these amino acids overestimate their requirements. Methionine was determined to be the first-limiting amino acid, and this conclusion supported by reports indicating that microbial protein is limited in methionine, lysine, and threonine (Nimrick et al., 1970; Richardson and Hatfield, 1978) . Burroughs et al. (1974) assigned amino acid requirements from the composition of beef protein.
The proposed metabolizable amino acid requirements were similar to those suggested by Burroughs et al. ( 1974) . Differences between the proposed requirements and those of Burroughs et al. (1974) may be due to metabolic efficiencies not accounted for when basing requirements on the amino acid composition of beef tissue.
Implications
Formulation of growing diets for beef steers using metabolizable protein and amino acids is possible. The metabolizable protein requirement of beef steers within the weight range of 203 to 288 kg is 3.8 x BW.75 (gramslday, where BW is expressed as kilograms) for maintenance and 305 g k g of live weight gain. Further research is needed to determine the requirements outside the current weight range and dietary nutrient inputs. Combinations of protein sources may provide the necessary profile of amino acids to meet metabolizable amino acid needs. A constant metabolizable protein requirement for gain may indicate a dynamic protein efficiency value based on rate of gain and BW.
